A hardware-compressive optical true time delay architecture for 2D beam steering in a planar phased array antenna is proposed using fiber-Bragg-grating-based tunable dispersive elements (TDEs). For an M × N array, the proposed system utilizes N TDEs and M wavelength-fixed optical carriers to control the time delays. Both azimuth and elevation beam steering are realized by programming the settings of the TDEs. An experiment is carried out to demonstrate the delay controlling in a 2 × 2 array, which is fed by a wideband pulsed signal. Radiation patterns calculated from the experimentally measured waveforms at the four antennas match well with the theoretical results. Due to the beam-squint problem, a phased array antenna (PAA) based on phase shifters cannot keep pace with the development of wideband wireless communications, radars, and electronic warfare. One promising solution to this problem is to replace phase controlling in the conventional PAA by true time delay (TTD). Compared with pure electronic approaches, optical technologies exhibit their merits as lower loss, larger bandwidth, and immunity to electromagnetic interference, so it is naturally of interest to realize the RF TTD in the optical domain. In the last few decades, several optical TTD architectures have been reported in the literature, but most of them are designed for 1D beam steering [1] [2] [3] , which can hardly be applied in practical planar PAA systems. To realize both azimuth and elevation beam steering, the beamformer for a planar array should be able to control time delays in two independent dimensions. Previously, the 2D beamformer was implemented by two stages of TTD [4] [5] [6] [7] , with one stage for azimuth beam steering and the other stage for elevation beam steering. In [4] , an array of highly dispersive photonic bandgap fibers with preset lengths are employed as the TTD elements in the first stage, in which the time delays are controlled by adjusting the wavelength of a tunable laser source, and optical waveguide delay lines connected by optical switches serve as the TTD element in the second stage. However, M × N switch-based TTD modules are required for an M × N array, which is complex and costly. To simplify the architecture, wavelengthdivision multiplexing (WDM) can be applied [5] , in which M TTD modules are used in the first stage for azimuth beam steering, and N TTD modules are placed in the second stage for elevation beam steering. Ortega et al.
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In this Letter, we propose a 2D TTD beamformer based on single-stage TTD modules implemented by FBG-based tunable dispersive elements (TDEs) [8] . Different from the multichannel FBG used in [2] and [9] , the wavelength and dispersion of the multichannel FBG used in the TDE can be independently programmed. By carefully selecting the wavelengths of the wavelength-fixed optical carriers, 2D TTD can be realized without the need for second-stage TTD modules, which not only reduces the number of tunable optical components used in the beamformer, but also converts the two-stage TTD structure into one stage, which is easier to be equalized and calibrated.
Consider a planar PAA on the xOy plane, in which all the M × N antenna elements are positioned along a rectangular grid. The numbers of antennas along each line in the Ox and Oy directions are M and N , and the antenna spacings are d x and d y , respectively. Thus, when the beam pointing direction is oriented to θ; φ, the needed TTD steps are given by [10] Δτ x0 1∕cd x sin θ cos φ; Δτ y0 1∕cd y sin θ sin φ:
To fulfill the TTD requirement, an optical 2D beamformer consisting of M laser diodes (LDs), an electro-optic modulator (EOM), a 1:N optical splitter, N TDEs, N 1 WDM multiplexers or demultiplexers, and M × N photodetectors (PDs), is proposed with the scheme shown in Fig. 1 . M optical carriers are generated by the LDs. All the optical carriers are multiplexed and then modulated by the RF signal to be transmitted. After the optical coupler, the modulated optical signals are equally divided into N TDEs. By programming the center wavelengths and dispersions of the TDEs, the optical RF signals would undergo different TTDs. Through the WDM demultiplexer connected to each TDE, optical RF signals with different delays are separated and then sent to PDs for feeding the planar array. Therefore, for a specific line in the Ox direction of the planar array, feedings of the M antennas are carried by different optical wavelengths and are delayed in the same TDE. In contrast, for a specific line in the Oy direction, feedings of the N antennas are carried by the same optical wavelength but are delayed in different TDEs, as shown in Fig. 1 .
The key component in the proposed system is the TDE, which is implemented by two multichannel chirped FBGs used in reflection mode [8] . Figure 2 shows a typical power transmission response and group delay response of the TDE. As can be seen, the TDE has many identical channels. In each channel, the relative time delay of an optical carrier with a wavelength of λ is
where D is the slope of the group delay response or dispersion parameter and λ 0 is the center wavelength of the channel. By controlling the temperature and thermal gradient along the two multichannel chirped FBGs, the center wavelength λ 0 and the dispersion D can be independently adjusted, so the time delay can be adjusted in a certain range. If multiple optical carriers with identical spacing Δλ C are injected into the TDE, in which each optical carrier is located in a separated channel, different time delays can be simultaneously generated. Denote the wavelength spacing of the adjacent channels of the TDE as Δλ T , then the time delay difference between the adjacent optical carriers is
As can be seen in Eq. (3), Δτ x can be controlled by programming the dispersion of the TDE even if Δλ T and Δλ C (or Δλ S ) are fixed. In addition, due to the independence of Δτ x on λ 0 , the TTD step among all the M optical carriers remains unchanged even if the center wavelength of the TDE is adjusted.
Then we consider the scenario that the M optical carriers are split into N TDEs with the same dispersion but different center wavelengths. Assume that the center wavelength difference for a given channel between two adjacent TDEs is Δλ N . For an optical carrier with a wavelength of λ, when injected into two adjacent TDEs, the time delay difference can be expressed as
indicating that Δτ y is affected by the dispersion and the center wavelength setting.
Based on Eqs.
(1), (3), and (4), for a target main lobe at θ; φ, we can obtain the configurations of the N TDEs, i.e.,
where λ n Δ is the wavelength offset for the nth TDE. A proof-of-concept experiment based on the setup shown in Fig. 1 is carried out, in which the TTD controlling of the feeding signals for a 2 × 2 planar antenna array is implemented. According to the aforementioned principle, the beamformer for the 2 × 2 planar antenna array should have two optical carriers and two TDEs, so a multichannel tunable laser source (Agilent N7714A) is chosen to realize LD0 and LD1. The two optical carriers are combined and then modulated by a 10 GHz Mach-Zehnder modulator (Lucent Technologies). To verify the wideband nature of the proposed TTD-based beamforming network, an electrical pulse train is used as the RF signal to be transmitted, which is generated by a pulse pattern generator (Anritsu MP1763) with a bit rate of 10.124 Gbit/s and a fixed pattern "1100 0000 0000 0000." Two TDEs (Teraxion Inc.) with FSRs of 150 and 125 GHz are used as TDE0 and TDE1, respectively. To realize a common FSR required by the principle, we skip some of the channels in the TDEs so that a common virtual FSR of 750 GHz is implemented. The four delayed signals are detected by four 10 GHz PDs and then observed by a multichannel oscilloscope (Agilent DSO-X 93304A). To compensate the loss in the For a TTD-based PAA, the grating lobe at large antenna spacing can be suppressed if a wideband feeding, such as the pulsed signal used in this experiment, is applied [11, 12] . Thus, the spacing between the antennas in the proposed 2 × 2 array is set to be d x d y 0.06 m. The wavelengths of the two optical carriers are 1550.92 and 1544.80 nm. TTD settings for two beam pointing directions are implemented by setting the configurations of the TDEs, as summarized in Table 1 , in which the aiming and the measured relative time delays with respect to antenna #0; 0 are listed for comparison. Waveforms of the signals for beam pointing directions of θ; φ 45°; 135° and θ; φ 30°; −60° are illustrated in Figs. 3(a) and 3(b) , respectively. As can be seen in Table 1 and Fig. 3 , some delay errors and magnitude errors can be observed. This is mainly caused by the residual delay mismatches and unbalanced losses between the four delay paths.
To evaluate the impact of these errors on the performance of the planar array, we calculate the radiation patterns based on the measured waveforms, assuming that the antenna elements in the array are identical, frequency-independent, and isotropic. Because the feeding signals are wideband, the energy pattern [13] is selected, in which the total radiated energy per unit solid angle is calculated at each direction through integrating instantaneous power density radiated by the array over all time. Three-dimensional patterns for the array at the two beam pointing directions are shown in Figs. 4(a) and 4(b) . In order to compare with the ideal results, cross-sections across θ direction and φ direction are obtained from the measurement-based 3D patterns and are depicted in Figs. 4(c)-4(f ) as the solid blue lines. The dashed red lines are the ideal results, which are calculated using the waveforms of antenna #0; 0 with ideal time delays. As can be seen, the impact of the delay errors and magnitude errors in the beamformer on the radiation pattern is small and negligible.
It should be noted that the above experiment only verifies the 2D TTD beamformer for a 2 × 2 planar antenna array. To investigate the feasibility of the proposed approach for larger arrays, the requirement of the TDE for different array scale is analyzed. Consider an RF signal with a center frequency of f center and a relative bandwidth of α, and assume that the RF signal is carried by the mth optical carrier with a wavelength of λ m C or an optical frequency of f m C , which is delayed in the nth TDE, the major frequency components of the modulated light are distributed between f m C − 1 α∕2f center and f m C 1 α∕2f center , so the following conditions should be satisfied: where BW T is the bandwidth of each channel in the TDEs and f m;n T is the center optical frequency of the channel for the mth carrier in the nth TDE. Besides, the dispersion setting of the TDE should not exceed its maximal range, i.e., jDj < jD MAX j.
The conditions in Eqs. (6) and (7) can be further expanded as 8 <
:
(8) Figure 5 shows the minimum BW T required for array scale K × K and RF center frequency f center , which is calculated based on Eq. (8) under j tan φj ≤ 3, jnj ≤ K ∕2, jmj ≤ K ∕2, d x d y λ center c∕f center , λ 0 1550 nm, α 100%, jD MAX j 900 ps∕nm, and Δλ S D MAX f center −1 . As can be seen, the minimum required BW T is increased linearly with the scale of the planar array, but it is reduced with f center for a planar array larger than 5 × 5. This is because we have fixed d x ∕λ center and d y ∕λ center in the calculation, so a higher f center would lead to a smaller time delay step required for beamforming. As such, a smaller Δλ S can be selected, leading to a smaller minimum required BW T .
Other issues that need to be addressed are the cost and integration of the proposed beamformer when scaled up for a large antenna array. According to the aforementioned analyses, M laser sources and N TDEs are sufficient for an M × N array. Actually, all the devices in the beamformer, including the laser sources and the TDEs, are commercial off-the-shelf components for optical communication networks. Thus, the mass production of the proposed beamformer is possible, and the average cost is expected to decrease with the increased production. In addition, a silicon-based on-chip electrically tunable linearly chirped waveguide Bragg grating was recently reported [14] , which could offer an integratable TDE for the beamformer and therefore significantly reduce the size of the system. The TDE-based 2D TTD beamforming network can also be altered for the receive mode, although the experiment above is focused on the transmit mode. As shown in Fig. 6 , RF signals captured by antenna elements in the array are modulated onto the optical carriers, delayed in TDEs, and added in PDs and the RF power combiner. With optical switches and circulators, the scheme for transmit mode and receive mode can be combined, and a bidirectional beamforming network with high transmit/ receive isolation would be realized [15] .
In conclusion, a compact optical TTD beamformer for a planar antenna array was proposed based on TDEs. With the manipulation of the dispersion parameter and center wavelength in the TDEs, continuous TTD controlling in two dimensions can be achieved without the need for secondstage TTD modules. In a proof-of-concept experiment, a wideband RF signal was delayed in four paths to mimic the feeding for a 2 × 2 planar array, in which the main lobe was successfully oriented with acceptable errors in delay and magnitude. The scheme can find potential applications in a wideband PAA system used by radar and high-speed wireless communications. 
